Atomic nuclei, which are strongly-interacting finite quantum systems, have a spherical or deformed shape. The shape evolution as a function of proton and neutron numbers is related to the shell structure for spherical or deformed shape. At proton number Z = 40, the shell structures for a wide variety of shapes, i.e. spherical, prolate, oblate, and more exotic tetrahedral shapes, are closed [1, 2] . So, shape transitions and maximum deformation at deformed sub-shell closure are expected for Zr isotopes (Z = 40).
The shape of neutron-rich Zr isotopes changes drastically from spherical to deformed at neutron number N = 60 [3] . The quadrupole deformation is known to increase toward N = 64 from half-life measurements of the first J π = 2 + (2 + 1 ) state of even-even Zr isotopes [4, 5] . However, the evolution of the deformation beyond N = 64 is unknown because there is no spectroscopic information. Several authors have predicted different types of shape transition in the more neutron-rich region around N = 70. Specifically, a ground-state shape transition from prolate to oblate is predicted at N = 72 [6] or at N = 74 [1] . In contrast, a spherical sub-shell gap at N = 70 and a spherical shape of 110 Zr are predicted by the Skyrme energy density functional with a tensor force and a reduced spin-orbit term [7] . A spherical shape might be expected to appear also in Zr isotopes approaching 110 Zr. Furthermore, an exotic shape with tetrahedral symmetry is predicted to be stabilized around 110 Zr, which has the tetrahedral magic numbers, Z = 40 and N = 70 [2] . An excited state with the tetrahedral shape, predicted at 108 Zr, may become an isomeric state. The tetrahedral shape is still hypothetical in atomic nuclei, in spite of many recent theoretical and experimental works [8] .
In addition to these striking shape effects, very neutron-rich Zr isotopes are important for understanding nucleosynthesis through the rapid neutron-capture process (r process).
The estimated r-process abundances between A = 110 -125 depend on nuclear mass models [9] . Here, the astrophysical model of prompt supernova explosions with O-Ne-Mg cores is applied. The abundance deficiencies by one order of magnitude have been reduced when mass models including shell quenching at N = 82 are used. A more drastic shell evolution, accompanied by not only the N = 82 shell quenching but also the new N = 70 sub-shell, may influence the r-process path as predicted by self-consistent mean-field calculations [7, 10] .
Thus, in order to predict nuclear properties reliably for A ≈ 110 -125 on the r-process path (i.e. N = 70 -82), it is crucial to know whether the sub-shell gap at N = 70 is large or not. The N = 70 sub-shell effect can be investigated through the structural evolution of Zr isotopes near N = 70.
β-decay half-lives can be used as a probe of shape transitions even though their values depend mainly on the β-decay Q values. For example, calculations using the quasiparticle random-phase approximation (QRPA) predict shorter β-decay half-lives for a spherical shape than for a deformed one [11] . The half-lives measured previously, including 110 Zr [12, 13] , however, show a gradual decrease as a function of the neutron number, with no indication of the transition to spherical shape. Be production target was 3 mm thick. Fission fragments were separated using the RI-beam separator, BigRIPS [15, 16] . For isotopic separation, an aluminum wedge-shaped energy degrader having a median thickness of 5.8 mm was placed at the momentum dispersive focus of the first stage of BigRIPS. An additional degrader was placed at the momentum dispersive focus of the second stage of BigRIPS in order to eliminate the fragments that were not fully stripped before reaching the second degrader. The shape of the degrader was designed to satisfy the momentum achromatic condition at the next achromatic focus.
The thickness along the center of the beam line was 2.1 mm. The separated particles were transported through the ZeroDegree spectrometer [16] to the final focal plane of ZeroDegree.
Beam particles were identified using the magnetic rigidity, Bρ, time-of-flight, TOF, and energy loss, ∆E, determined using the focal plane detectors of BigRIPS and ZeroDegree [17] . The particle identification spectrum for the same data set is shown in Ref. [17] . particles and subsequent β rays were detected by the DSSDs. The DSSDs were surrounded by four Compton-suppressed Clover-type Ge detectors and two LaBr 3 detectors, which were used to detect γ rays following β and isomeric decays. A plastic scintillation detector was placed in front of each Clover detector. By taking an anti-coincidence between the plastic and Clover detector, the background arising from β-ray events in the γ-ray spectrum can be eliminated.
β-decay events were selected using the position and time correlations between the implanted particle and the β ray. The relative position was restricted to the same pixel of the DSSD. The β-decay half-life of 106 Y was measured to be 62 +25 −14 ms [13] in the same data set. Figure 1 state is expected, but no γ-ray peak at 455 keV was observed due to the low statistics. from the sum of time spectra for these five γ rays. Some low-intensity γ-ray peaks from the 108 Zr isomer might not have been identified, and no information on γ-γ coincidences was obtained due to the low statistics. Nevertheless, it can be estimated that the energy of the isomeric state is likely more than 1 MeV. The ground-state band is populated up to 4 + , thus the spin is likely more than or equal to 4. Before discussing possible structures of the observed isomer, low-lying states of 108 Zr are discussed.
If a spherical ground state would appear around 110 Zr due to the predicted N = 70 subshell gap [7] , then E(2 (4), and 0.47 (7) for A = 100, 102, and 104, respectively [4, 5] .
Because the γ-ray energies of 174 and 348 keV in 108 Zr are slightly larger than those of 152 and 324 keV in 106 Zr and the relevant energies smoothly change from 100 Zr to 108 Zr (Fig. 2) , the 174 and 348 keV γ rays were tentatively assigned as the transitions from the 2 Zr. Therefore, the spherical sub-shell gap at N = 70 seems not to be large enough to change the ground state of 108 Zr to spherical shape.
The structural evolution around the neutron-rich Zr isotopes can be visualized using ) at N = 64 can also be interpreted as being due to the deformed sub-shell closure at N = 64 with β 2 ≈ 0.47(7) [5] for 104 Zr.
The r-process path between A = 110 -125 may be affected by the weakening of the spin-orbit force, which is associated with the neutron skin [25] . The harmonic-oscillator-like doubly magic nucleus of 110 Zr [25] or the shell closure at N = 70 [7] is predicted by using an artificially reduced spin-orbit force. However, the shape of 108 Zr as deformed as lighter
Zr isotopes indicates no drastic evolution. One may conclude that the deficiencies of the estimated r-process abundances around A = 110 are not caused by the drastic weakening of the spin-orbit force.
The existence of a long-enough-lived (T 1/2 > 100 ns) isomer gives access to the excitedstate structure. The 108 Zr isomer is the only isomer discovered in even-even nuclei in the present work, although the production yield of the isotopes 104,106 Zr and the isotone 110 Mo was higher than 108 Zr. It seems that the structure of the 108 Zr isomer is suddenly stabilized.
A possible explanation of the isomerism is that the isomeric state of 108 Zr has a tetrahedral shape. The tetrahedral shape is a non-axial octupole deformation coupled with a vanishingly small quadrupole deformation, therefore a γ decay to normally quadrupole-deformed states is hindered [8] . The tetrahedral shape will appear only when the competing shell effect for spherical shape is weak [26] . This requirement might be satisfied because the 108 Zr results indicate the deformed ground state. Furthermore, the energy barrier against different shapes plays an important role for the stability. The total energies of the tetrahedral or quadrupole deformed shape are calculated using the microscopic-macroscopic method with pairing correlations [2] . The energy barrier between the tetrahedral and oblate shapes is predicted for 108 Zr, but becomes very small for 104,106 Zr. The onset of long-lived isomerism at 108 Zr may be caused by the difference of the energy barrier. The excitation energy E x is predicted to be 1.1 MeV by the Hartree-Fock-Bogoliubov (HFB) calculation [2] . The spin J of a possible band head is expected to be 3 [2] , and the spin of the isomeric state might be larger than that of the band head [26] . These expectations are consistent with the experimental indications, i.e. E x > 1 MeV and J ≥ 4. While the parity of the tetrahedral shape is predicted to be negative [27] , there is no experimental indication.
Another possibility of the isomeric state is a two-quasineutron state with high K value, which is predicted for several even-even nuclei around 108 Zr [6] . Considering the gradual change of E(2 + 1 ) around 108 Zr as shown in Fig. 3 , this kind of isomeric state is expected to have a similar half-life and be populated not only in 108 Zr but also in neighboring even-even nuclei. Thus, we propose the observed isomer is a promising candidate for the tetrahedral shape isomer rather than the high-K isomer.
In summary, decay spectroscopy has been performed to assign the first 2 + and 4 + states of 106,108 Zr. The systematics of E(2 isomer, possibly expected in even-even Zr nuclei, was discovered only in 108 Zr. The isomeric state of 108 Zr is proposed to be a candidate for a tetrahedral shape isomer because the energy barrier between the tetrahedral and oblate shapes is predicted to be more robust for 108 Zr, compared with 104,106 Zr. To confirm whether this isomer has the tetrahedral shape or not, the determination of the decay scheme including spins and parities, and the measurement of the band structure above the isomer are required from future measurements.
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